Neutralizing antibodies are one of the primary determinants governing the efficacy of adenovirus (Ad)-mediated gene transfer in vivo (12, 22) . Historically, anti-Ad neutralizing antibodies have been characterized through their ability to inhibit the propagation of a viral infection (11). Given the high efficiency with which subgroup C adenovirus vectors bind to cells and traffic to the nucleus (8), we hypothesized that the number of Ad particles bound to cells would be directly proportional to transgene expression, allowing the development of assays based strictly on quantitative morphological criteria. To test this hypothesis, digital image analysis was used to measure the inhibition of cell association and intracellular trafficking by fluorophore-conjugated virions in the presence of anti-Ad neutralizing serum. A549 lung epithelial cells were infected briefly with a high concentration of fluorophore-conjugated Ad in the presence of a serial dilution of human sera. Quantitative digital image analysis of total-cell-associated vector and the percentage of vector colocalized with nuclei were performed and compared with titers of sera determined using an assay of transgene expression. Both morphometric assays provided quantita-tive data characterizing the neutralizing titer of four human sera. A comparision of morphological and gene expression assays demonstrated that morphological criteria of Ad infection can predict the neutralizing titer of human sera with accuracy equal to that of assays that rely on gene expression. The data also confirm that the number of Ad particles that enter the cell and traffic to the nucleus correlates with the infectious titer of the virus.
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(A preliminary description of these observations was previously reported as part of a Master's thesis [18] .)
MATERIALS AND METHODS
Cells, Ad vectors, and human neutralizing sera. A549 lung epithelial carcinoma cells (American Type Culture Collection, Rockville, Md) were infected with replication-deficient, recombinant Ad gene transfer vectors (E1 Ϫ , E3 Ϫ ) with an expression cassette inserted in the E1 position. Ad vectors were propagated and maintained as previously described (16, 17) . The expression cassette included a promoter-enhancer from cytomegalovirus, the ␤-galactosidase cDNA, and a simian virus 40 poly(A) termination site (7) . Human neutralizing sera were obtained in the course of gene therapy clinical trials that were approved by the Food and Drug Administration and the local Institutional Review Board (Rockefeller University and/or the Weill Medical College of Cornell University) and reviewed by the National Institutes of Health Recombinant DNA Advisory Committee (6) . Sera were previously assayed for neutralizing anti-Ad titer by using propagation of a wild-type Ad5 infection in a monolayer culture of A549 cells (6) .
Western blot analysis. Ad capsid proteins (5 ϫ 10 10 wild-type Ad5 particles/ lane) were denatured for 10 min at 95°C in Laemmli sample buffer containing 6 M urea, separated on a 4 to 20% polyacrylamide gradient gel, transferred to nitrocellulose, and probed with human sera (1:1,000 dilution). Anti-Ad antibodies were detected using horseradish peroxidase-conjugated anti-human antibody (Santa Cruz Biotechnology, Santa Cruz, Calif.) with chemiluminescent evaluation (ECL detection kit; Amersham/Pharmacia, Little Chalfont, England).
Morphological assays for evaluating the neutralizing antibody content of sera. The morphological titer determination assay was performed using a modification of a previously described infection protocol (8, 14) . Cy3 fluorescent dye conjugated to Ad (Cy3-Ad) (10 11 particles/ml) was added to cell cultures in the presence of serial dilutions of neutralizing sera (dilutions from 1:3 to 1 :10 4 (8) . After 10 min, unbound Ad was washed away (three washes each with 2 ml of binding buffer) and the culture was incubated in binding buffer for an additional 60 min to permit trafficking of Ad within the cell. After 60 min, the cells were washed (three washes, each with 2 ml of phosphate-buffered saline, fixed with 2 ml of 4% paraformaldehyde in phosphate-buffered saline for 20 min at 23°C, and counterstained with 4Ј,6-diamidino-2-phenylindole (DAPI) (Molecular Probes, Eu-gene, Oreg.) to identify the positions of nuclei within cells. The cells were viewed with epifluorescence illumination from a 100-W Hg arc using a 60ϫ N.A. 1.4 PlanApo objective lens, and images were captured and analyzed using a cooled charge-coupled device camera (Princeton Instruments, Inc., Trenton, N.J.) with imaging software (Universal Imaging, West Chester, Pa.). Five fields per slide were analyzed. Determination of total cell-associated fluorescence and percent nuclear localization have been described previously (8) . Briefly, following background subtraction, a uniform threshold was applied to images of Cy3-Adinfected cells to mark Cy3 fluorescence, software was used to integrate the gray value of pixels within the threshold area, and the total gray value was divided by the number cells in the image identified by nuclear staining with DAPI. The percent nuclear localization was based on the total cell-associated fluorescence, but it incorporated an additional step using the image of nuclei to mark and digitally subtract areas of the Cy3-Ad image that coincided with nuclei. A comparision of the total cell-associated fluorescence with and without subtraction of fluorescence in nuclear areas provided the percent nuclear localization of Cy3-Ad.
␤-Galactosidase assay. ␤-Galactosidase transgene expression was evaluated in cell lysates 24 h following infection by the method described above. Preparation of cell lysates and evaluation of ␤-galactosidase expression were done using quantitative chemiluminescent detection (Tropix, Bedford, Mass.). The protein concentration of the lysate was evaluated using the bicinchoninic acid reagent (Bio-Rad, Hercules, Calif.).
RESULTS AND DISCUSSION
The morphometric assays of Ad infectivity used a novel viral infection procedure (8) . Cells were treated with a high concentration of viral capsids (10 11 particles/ml; 3 ϫ 10 6 particles per cell) to saturate cell surface Ad receptors. After 10 min, unbound virions were removed by washing. Bound virions were permitted to traffic as a wave through the cell for an additional 60 min before fixation. Prior to infection, the vectors were conjugated with Cy3, a red carbocyanine fluorophore, to permit the detection of Ad without postfixation labeling procedures. The fluorophore-conjugated virus (Cy3-Ad) faithfully recapitulates each step of the viral infection pathway (8, 9, 14) . Human sera containing different levels of anti-Ad neutralizing antibodies were characterized by a viral replication assay (plaque assay) (6), as well as by Western blot analysis against viral capsid proteins ( Fig. 1) . By the plaque assay, the four sera analyzed had anti-Ad neutralizing antibody titers of Ͻ10 (nonneutralizing), 640, 2,560, and 49,000. A Western blot analysis using four human sera confirmed that anti-Ad antibodies could be detected in all four sera, although one of the sera had no neutralizing titer (Fig.1) . Overall, the amount of anti-Ad antibody in the sera correlated with the amount of neutralizing antibody, similar to results of previous studies (1) .
The morphological assays were based on fluorescence microscopy analysis of cell cultures 60 min after infection. At high concentrations of serum containing anti-Ad neutralizing antibodies, no virus was able to bind to cells, whereas the highest concentration of nonneutralizing serum (titer, Ͻ10) had no effect on viral binding or trafficking to the nucleus 60 min after infection ( Fig. 2A) . As the neutralizing serum was diluted, an increasing association of Cy3-Ad with cells was observed. The number of dilutions required to achieve cell association correlated with the amounts of anti-Ad neutralizing antibodies determined by the plaque assay. As the neutralizing sera were diluted, cell association was initially observed without subsequent trafficking to the nucleus (Fig. 2) . With greater dilution, Cy3-Ad was observed in association with the nucleus at 60 min. The intermediate cell-associated, nonnuclear localization of Ad was less apparent in the serum with the highest neutralizing titer (titer, 49,000). The data clearly indicated that extracellular neutralization was the primary form of neutralization at serum concentrations approaching that found in vivo.
The qualitative observations in the morphological assay were quantitatively analyzed using digital image analysis. Both total cell-associated fluorescence and percent nucleus-localized fluorescence were quantified. Total cell-associated fluorescence was evaluated using digital image analysis to integrate the gray level (a measure of fluorescence intensity) in single optical planes of images containing 4 to 13 cells per field (8) .
To adjust for the variation between the number of cells per field, the total fluorescence intensity of the field was divided by the number of nuclei in the field determined by staining with the DNA-binding dye, DAPI. Data were compared to the results of control experiment in which no serum was added during infection. The cell-associated fluorescence in the presence of nonneutralizing serum (titer, Ͻ10) was comparable to control values at all dilutions tested, while sera containing neutralizing titers of anti-Ad antibodies (titers, 640, 2,560, and 49,000) inhibited Cy3-Ad binding completely at the highest concentrations, and with dilution, a steadily increasing association of Cy3-Ad with cells was observed (Fig. 3A) . Comparison of 50% inhibitory concentrations (IC 50 ) for each serum sample in the total cell-associated fluorescence intensity assay indicated that the relative order of neutralizing effect corresponded to the neutralizing titers previously determined by plaque assay. The analysis of total cell-associated fluorescence was subject to variability resulting from differences in the absolute amount of Cy3-Ad bound by individual cells. In addition, some values for total cell-associated fluorescence intensity exceeded the value for the control sample, probably due to the binding of small antibody-Ad aggregates to the cell surface (reference 19 and data not shown).
To overcome these sources of variability, a second morpho-
Western blot of human sera containing anti-Ad antibodies. Sera were collected from patients enrolled in clinical Ad gene transfer protocols. Following heat inactivation of complement, anti-Ad neutralizing titers were assessed using a plaque assay (6) . Ad proteins were separated on sodium dodecyl sulfate-10% polyacrylamide gels, transferred to nitrocellulose, and probed with 1,000-fold dilutions of serum. Bound antibodies were detected with peroxidase-conjugated anti-human antisera and a peroxidase-based chemiluminescence assay. All sera contained anti-Ad antibodies as assessed by Western analysis.
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on November 6, 2017 by guest http://jvi.asm.org/ logical analysis was performed in which the percentage of vector that trafficked to the nucleus was determined. This value was independent of the absolute amount of vector on the cell and incorporated intracellular trafficking as a functional evaluation of the capsid. Using the same infection protocol and analysis of total fluorescence intensity, the percent nuclear localization was determined by using the image of nuclei as a mask to locate the capsid fluorescence that overlapped the nucleus (8) . In agreement with previously published data, the control value representing the percentage of Ad capsid coincidently localized with the nucleus was 71% at 60 min after infection (8, 14) . The percent nuclear localization of cell-associated vector increased as the dilution of neutralizing sera increased (Fig. 3B) . As observed for total cell-associated fluorescence intensity, the IC 50 for inhibition of trafficking to the nucleus corresponded to the previously determined anti-Ad neutralizing antibody titer (6) . The data generated in the analysis of vector trafficking exhibited a higher degree of precision than did the data from the analysis of total cell-associated fluorescence.
To compare these assays to a standard assay of gene transfer using a similar infection protocol (10 11 particles/ml for 10 min), transgene expression was evaluated following infection of A549 cells with an Ad encoding ␤-galactosidase (Ad␤gal). Nonneutralizing serum (titer, Ͻ10) did not change the ␤-galactosidase expression relative to control, while sera with neutralizing titers (640, 2,560, and 49,000) blocked transgene expression at high serum concentrations and permitted transgene expression at low serum concentrations (Fig. 3C) .
A comparison of the three methods of analysis (total cell- associated fluorescence, percent nuclear localization of vector, and transgene expression) showed that the assays were comparable (Table 1) . While the morphological and gene expression data agree, the IC 50 for these three analyses differed from titers determined for the same sera in a conventional plaque assay ( Table 1 ). The titers determined by the plaque assay indicate dilutions 5-to 20-fold higher than inhibitory dilutions in the other assays. The difference probably resulted from differences in assay design. Whereas the infection protocols for assays presented in this paper (morphologic and transgene expression analyses) involved an infection with a high concentration of Ad (10 11 particles per ml) for a short period (10 min), the infection for the plaque assay utilized a low concentration of virus (2 ϫ 10 7 particles per ml) for a longer period (1 h) (12) . In addition, sera were incubated with Ad for 1 h prior to infection of A549 cells in the plaque assay while vectors were mixed with sera immediately prior to infection in the morphological and transgene expression assays. The lower viral concentration and longer preincubation with serum in the plaque assay probably contributed to more efficacious neutralization (i.e., a higher dilution factor of the sera) compared with the morphologic and transgene expression assays. This comparison highlights the variability that may arise among different neutralizing antibody assays and suggests that standardization of this assay be contemplated if neutralizing titer is to be used as a parameter in clinical gene transfer protocols.
The data indicate that quantitative, morphometric analyses of Ad vector binding to cells and trafficking within cells provide a useful surrogate marker for Ad infection. The assay requires the generation of fluorophore-conjugated Ad, a relatively simple technique that has been successfully used in several laboratories (2, 5, 8, 10, 15, 20) . The morphologic assay offers distinct advantages over existing assays for neutralizing titers. First, the assay can be completed more rapidly than any other standard titer determination assay, requiring only 1 h following infection before the samples can be processed. Second, it requires fewer steps in sample manipulation, since the cells do not have to be removed from the well in which the infection occurs. Third, it does not rely on the availability of a particular transgene that has been engineered into a vector or on specific detection of any capsid component, and so it can potentially be extended to analyzing the neutralizing titer for any Ad gene transfer vector and for any serotype of wild-type Ad. Finally, the assay has potential for automation. The level of fluorescence that associates with the cells is sufficient for analysis by flow cytometry (21) , and recent advances in automated fluorescence microscopy in a 96-or 386-well format suggest that a plate-based assay could be developed. Compared with other assays of neutralizing titer, including gene expression and plaque assays, the fluorescence assay is likely to achieve similar FIG. 3 . Quantitative assays of infectivity. A549 cells were infected in a manner identical to that described in the legend to Fig. 2 . Quantitative assessments included analyses of cell-associated fluorescence, percent nuclear -localization of vector, and transgene expression. In each case, data are presented as the mean and standard error of triplicate samples in a representative experiment. Each experiment was repeated two to four times. On each plot, the value for the control samples (infection in the absence of serum) is shown (100% dotted line). The point at which the curves reach 50% of the control value (50% dotted line) defines the IC 50 . Sera evaluated had neutralizing titers of Ͻ10, 640, 2,560, and 49,000. The data presented also bear on an important debate in the field of viral gene therapy vectors: the relationship of particles to PFU (13) . Preparations of viruses and viral vectors are currently evaluated based on physical and biological standards (4). The physical standard commonly used is the number of particles per milliliter of vehicle. The biological standard is often the PFU per milliliter of vehicle. For Ad, the number of particles per milliliter often exceeds the PFU per milliliter by a factor of 10 to 100. This has been interpreted to mean that up to 99 of 100 Ad particles are not infectious. However, detailed optimization of biological infectivity assays has revealed that the assay is subject to variability depending on the precise protocol used, and particle-to-PFU ratios as low as 3 have been reported (13) . The present data indicate that the particles bound to infected cells and trafficking of those particles through infected cells correlate well with the resulting level of infection. Morphological assessments (cell-associated vector and percent nucleus-targeted vector) largely agreed with a functional measure of infectivity (transgene expression) when the IC 50 for the neutralizing sera was evaluated. In other words, any inhibition in the infectivity observed by gene expression was matched by an inhibition of viral binding to cells and intracellular trafficking. The most reasonable explanation for the correlation between morphological and gene expression data is that nearly all Ad particles that bind to cells are infectious and that a morphological assessment of a population of Ad inside cells accurately reflects infectivity.
A further implication of this work concerns the predictions of clinical outcome when Ad vectors are administered by different routes of administration to patients with preexisting neutralizing titers. Gene transfer via intravascular administration is likely to correspond to infection at high serum concentration (i.e., 100% serum). At the highest concentration of neutralizing serum tested (threefold dilution of serum, equal to 33% serum), the 640, 2,560, and 49,000 serum titers completely neutralized Ad. in all three assays tested. Thus, intravascular administration of these serum titers to an individual may be futile. Local injection of vector into a tissue may have different results. Tissue injection offers direct access of the vector to target cells with minimal exposure to serum. Therefore, the increased dose may partially overcome the limited, immediately available neutralizing antibody in the extracellular space at the site of injection. Data supporting different dose-response curves for tissue administration and intravenous administration in the presence of different levels of neutralizing antibody show that tissue administration is proportionately less affected by neutralizing antibody than is systemic administration (3). ND  ND  ND  640  640  10  30  30  2,560  2,560  300  300  300  49,000 49,000 10,000 10,000 10,000
a Human sera are referenced by the original neutralizing titer determined in a plaque assay. b Plaque assay evaluated the dilution of sera that provided 90% inhibition of plaque formation. c IC 50 s for the cell-associated vector assay, intracellular trafficking assay, and transgene expression assay were taken as the dilution with an arithmetic mean assay value closest to 50% inhibition compared with control samples (Fig. 3) .
d ND, inhibitory concentration was not determined because sera did not inhibit infection.
